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Abstract

Purpose. The aim of this paper is to develop a numerical model to investigate the stability of Angouran underground mine
batching room, in which appropriate support systems are selected, designed, and compared to choose the most optimal case.

Methods. Stability analysis is carried out by critical shear strain criterion using finite element method (FEM). The effect of
support system on the stability of batching room has been determined for two types of composite support systems: one, incor-
porating rock bolt and shotcrete, and the other, comprising steel frame with one-meter distancing and shotcrete, based on com-
paring the displacements around stopes with the amount of critical and allowable strains resulted from Sakurai criterion.

Findings. The results of the analysis show that the excavation of the batching room without a support system causes its in-
stability and failure, so it is imperative to design a suitable support system according to the geomechanical and stress condi-
tions of the area. Comparison between the two selected support systems also shows that there is not much difference between
these two support systems and in both cases, batching room stability can be provided.

Originality. A wide range of parameters involved in the calculation were explored. Results suggest that the failure strain
seems to be a promising tool when used correctly. Considerable time saving can be achieved without losing accuracy.

Practical implications. Numerical methods can be utilized to analyze tunnels with non-circular cross-sections, considering
heterometric ground conditions around the tunnel, often heterogeneous in situ stresses, rock mass behavior and tunnel face
effects. By selecting suitable rock failure criteria, it is possible to identify weaknesses around the excavations via numerical
modeling and design an appropriate support system based on it.
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1. Introduction important and at the same time, difficult [6]. For this reason,

Issues such as the stability of large underground spaces, ~ numerical analysis is a complex process whose results vary
post-excavation deformation and stress analysis and excava- ~ With changes in boundary conditions, model structure, rock
tion methods optimization are of particular importance in the ~ Mass properties, ambient temperature, groundwater condi-
underground mining and excavations [1]. The stability of  tions, and other factors that affect stability. In this regard, to
underground excavations depends on their dimensions and ~ Model the engineering behavior of rock mass, a sub-model
geometry, excavation method, number and sequence of ex-  should be created to select the best behavioral model for rock
cavation stages, in situ stress conditions, support system and ~ Mass by changes in the model and problem input. The input
its installation time [2], [3]. With the development of compu- mformgtlon of th(_e problem should_also be determined via
ters, modeling methods and engineering knowledge, inclu-  9eological surveying, rock mechanics laboratory and field
ding the continuous and discontinuous environments me-  €xperiments, and back analysis [7]. Numerical methods can
chanics, analytical and simulation methods have flourished ~ D€ utilized to analyze tunnels by the non-circular cross-
rapidly, so that today, with the availability of high-speed  SEctions, heterometrlf: gr_ound conditions around the _tunnel,
computers and professional software, it can be claimed that ~ Often heterogeneous in situ stresses, rock mass behavior and
any underground structure with any characteristics can be ~ tunnel face effects, and three-dimensional tunnel beha-
modeled and analyzed for pre-implementation stability or ~ Vior [8], [9]. By selecting suitable rock failure criteria, it is
support system applicability [4], [5]. possnb!e to |dent!fy Weaknes_ses around the_ excavations via

In numerical methods, the most essential factor in obtai- ~ Numerical modeling and design an appropriate support sys-
ning accurate results is the entry of correct information. De-  tem based on it [10]. Ghafouri et al. (2010), utilized the ex-
termining the behavior of the rock mass (stress-strain rela-  Perimental methods of RMR, Q, and GSI as well as the nu-
tionship), its geomechanical characteristics, and modeling ~ Merical method distinct elements, to design the temporary
external factors that are probably to cause instability is very ~ Support system of the Darungar dam water transfer tunnel
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located in Razavi Khorasan province, northeastern of Iran,
incorporating rock bolt, shotcrete and iron frames in four
different tunnel segments. In the study, by changing the ex-
perimental to the numerical method, the accuracy and relia-
bility of the design were improved. The support system of the
water transfer tunnels’ intersection with shock absorber tanks
of Gotvand dam located in Khuzestan province, southwestern
Iran, was designed utilizing experimental methods and finite
difference method and showed that after the installation of the
support system, the maximum displacement is less than the
Sakurai’s critical displacement [11]. Flex et al. (2008) mod-
eled the tunnel excavation machine (TBM) with a compressed
air shield based on the finite element method (FEM). In this
study, loose soil around the tunnel is considered as a three-
phase material that consists of soil material, water in the pores,
and air. The tunneling process is Three-dimensionally modeled
by applying the effect of compressed air as a support factor of
the tunneling face along with the installation of the segment.
The modeling results can be used in estimating the suita-
ble tunnel face pressure to ensure the stability of the tunnel
face and landslide control [12]. Bakhshandeh et al. (2014)
utilized the convergence-confinement method and Hoek-
Brown failure criteria to analyze the stability of the long
tunnel support system of Sardasht dam via numerical soft-
ware based on finite difference method (FLAC 3D) and thus
showed the applicability of Hoek-Brown failure criteria [13].
Torkmanju et al. (2018) analyzed the stability of the tunnel
face in mechanized excavation and heterogeneous conditions
utilizing the resistance reduction method and the concept of
safety factor via earth pressure balance method (EPB) with
the aid of numerical modeling incorporating Plaxis 3D Tun-
nel and Phase2 software [14]. In another study, the stability
of tunnels at the intersections of Y-shaped cross-sections
considering their impact angle has been studied. The results
of this numerical modeling show that by decreasing the im-
pact angle, the additional support length required in the mid-
dle wedge and the crown of the tunnels increases [15]. Sab-
zevari et al. (2017) have performed stability analysis and
design of water tunnel support system on Mashoureh dam
utilizing experimental, analytical, and numerical methods. In
the experimental method, two methods, Q and RMR are
utilized and in numerical analysis 2-phase software, which is
based on finite elements is used, and finally, the results of
aforementioned methods presented a similar support sys-
tem [16]. Basirat et al. (2018) have studied the numerical
analysis of the segmental support system used in most tun-
nels bored with TBM and the effect of the earthquake on the
resulted vertical and shear forces at the contact surface be-
tween the various parts. In this research, utilizing the infor-
mation of Karaj water transfer tunnel to Tehran (Amirkabir)
and the 2D UDEC software, the segmental coverage under
two conditions of complete slip and non-slip, has been inves-
tigated and the shear and normal forces of the joints between
the two segments have been analyzed [17]. Deformation and
subsidence of the ground surface due to tunneling operations
as well as displacement of the crown, walls, and floor of the
tunnel are amongst the unstable factors of the tunnel. Ghiyasi
and Kooshaki (2019) using numerical modeling have studied
the subsidence of the earth in circular tunneling due to simul-
taneous changes in the geometric characteristics of the tunnel
and the mechanical properties of the soil in the saturated
environment. In this study, utilizing the finite element analy-
sis method in ABAQUS software, considering the different
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values of tunnel depth and diameter in different conditions
for soil adhesion, internal friction angles, permeability coef-
ficients and their simultaneous changes, the effect of these
variables on land subsidence has been investigated [18].
Nejad Shah Mohammad (2019) has evaluated and optimized
the segmentation of these tunnels via utilization of the sepa-
rate element method and simulating the body of large cross-
section tunnels to minimize displacements at the ground
level and reduce the expansion of shear strains. The variable
utilized in this analysis is the ratio of the height of the pro-
gressive section to the bench height in the two-stage excava-
tion method. Two twin D-shaped and circular tunnels with an
average diameter of 13.7 meters, which are located at a dis-
tance of 33 meters apart, have been selected for case stu-
dies [19]. In another study by Obidor and Giant, the stability
analysis of single and twin horseshoe tunnels in a rocky
environment that is affected by additional pressure from the
ground has been performed. By assuming that tunnels are
long, planar strain laws have been utilized in the modeling.
The Hoek-Brown fracture criteria are used to model rock
mass fracture. To study the behavior of rock mass under
different surface loading conditions, finite element numerical
modeling has been utilized [20]. Trong and Jian investigated
the interaction of twin tunnels in a joint rock mass using
numerical modeling and discontinuity analysis (DDA). Land
subsidence and redistribution of rock stress around tunnels
are obtained from DDA simulations. The results show that
the amount of tunnel interaction is significantly affected by
the distance between the two tunnels of the joint rock mass.
In addition, the slope angle of the rock layers significantly
affects the patterns of subsidence and redistribution of stress
around the excavation site [21]. In another study, Mollai et
al. evaluated the effect of changing the material and slope of
soil layers around the tunnel cross-section. The results of
numerical modeling show that horizontal layering causes
changes in displacement rate and if the soil in the upper
floors of the tunnel has more resistance than the soil in the
lower floors, the layered soil Pannet curve will be lower than
the analogous soil curve. According to the results obtained
for tunnel design in sloping layered conditions, the use of a
modified Pannet curve is recommended [22].

Angouran lead and zinc mine is located about 125 km
southwest of Zanjan city and according to the exploitation
plan, at least 120000 tons of ore will be extracted annually
from the underground section of the Angouran mine. To
obtain the maximum amount of mineral (maximum grade
and recovery) and taking into account the geometric proper-
ties of the deposit, geomechanical properties of the mineral,
the surrounding rock, etc., the suggested suitable extraction
method for this mine is stope and strip pillar with downward
filling. By examining and selecting the type of filler to make
a durable and integrated artificial hanging wall and the con-
ditions for utilizing other filling techniques, the filling meth-
od of choice for this mine is concrete filling. To fill the
stopes in the proposed design and ensure that no subsidence
occurs during mineral extraction, a cement filler mass with a
strength of at least 15 MPa (150 kg/m?®) is considered which
is imperative to obtain the best mixture via utilizing and
testing the available materials, various types of cement, stone
materials and water in the workshop [23]. By examining
various aspects of implementation, topographic conditions,
mining geometry, and available equipment, it was suggested
that to transport the filler and concreting the stopes at the end
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of the tunnel N. 2, two batching rooms should be designed
and implemented. The dimensions of the batching rooms are
designed to have a width of about 7 meters and a height of
about 8 meters, the position of which to the preparatory ex-
cavations and stopes is shown in Figure 1.

Figure 1. The position of the batching room to the preparatory
excavations and extraction stopes

The purpose of this study is to analyze the stability and
design of the support system of the batching rooms based on
the finite element method (FEM), in which appropriate sup-
port systems are selected, designed, and compared to choose
the most optimal case (technically, economically and execu-
tive). Soil and rock behave non-linearly under load. This
nonlinear stress-strain behavior can be simulated with several
behavioral models. As the model becomes more complex, the
number of input parameters of the analysis increases there-
fore, laboratory and field experiments are required. To model
the elastoplastic behavior of soil and rock materials, the
Mohr-Coulomb behavior model has been employed. The
Mohr-Coulomb rupture criteria is a nonlinear, robust, and
simple criterion and this soil/rock behavior model is defined
by the five main parameters of elasticity modulus, Poisson’s
ratio, adhesion, friction angle, and expansion angle.

2. Geomechanical characteristics of Angouran
lead and zinc rock masses

Angouran lead and zinc deposit is one of the world’s
leading deposits in terms of quality and consists of three
parts: oxide, sulfur, and a mixed part. The oxide part is loca-
ted in the highest part of the deposit, the sulfur part is located
in the lowest part and the mixed part is located between the
two [23]. The three-dimensional view and lithology of the
Angouran deposit are shown in Figure 2.

Mixed mineralized sulfide and carbonate zone
Mineralized schist
Low grade breccia carbonate

Grey
Green
Yellow

Figure 2. 3D view and lithology of Angouran deposit

In general, the mineral and rock masses in the underground
section of Angouran lead and zinc mine are classified in class
Il (medium to high-quality rock masses: 50 < RMR < 60),
class 1l (medium quality rock masses to low: 35MRR < 50)
and class 1V (poor quality rock masses: RMR < 35). The
geomechanical parameters used in the modeling based on the
results of drilling cores including RQD (rock quality index),
GSI (geological strength index), compressive strength, and
joint properties are shown in Table 1.

3. Numerical modeling and support system design

The primary purpose of installing a support system is to
control the displacement and convergence of the walls of the
excavated space and to prevent loosening of the rocks around
the cavity, which may lead to the collapse of the excavated
space. On the other hand, in the distance from without sup-
port to the tunnel face (excavation step), the ground releases
some of its stresses; this reaction of the earth relative to the
excavated space, depending on the type of mass-rock of the
earth around the hole, is a function of time (earth movement).
In modeling underground spaces, disregarding a proper
ground stress release and closing the support system sooner
or later will cause instability or excessive rigidity of the
support system [24].

3.1. Convergence-confinement method

Since the installation of the support system is not imple-
mented immediately after excavation operation and during
this period a large amount of stress around the stope is re-
leased, to have a criterion for evaluating the stope during
excavation and installation of the support system, the con-
vergence-confinement method has been employed.

Table 1. Parameters obtained for the rocks covering the underground part of Angouran mine utilizing RocLab software

Output of the software

Input data to the software

Geotechnical type C Em

4

Tensile St.

UCS  Density

(MPa) (Deg)  (MPa) mpay  ROD G by (eremy) M D
Marble 0.426 40.3 4992.67 0.074 60 52 55 2.68 9 0.8
Brecciated carbonate 0.254 33.77 1554.93 0.005 - 37 30 2.9 18 0.8
Sulfide ore 046  45.32 5060 0.035 81 55 40 3.43 18 0.8
Oxide ore 0.045 9.6 200.74 0.0002 36 17 5 2.81 10 0.8
Combined sulfide and oxide  0.083 15.5 413.23 0.001 — 20 15 2.64 10 0.8
Schist 0.469 42.6 5196 0.075 56 50 75 2.5 10 0.8

First, the ground response curve (GRC), the radius of the
plastic zone, and the maximum convergence of the tunnel are
obtained according to the mentioned characteristics for the
rock mass. According to the choice of the average drilling
step of one meter, the degree of convergence at a one-meter
distance from the tunnel face is also obtained from the longi-
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tudinal deformation profile of the tunnel (LDP). Then, in the
GRC curve, according to the degree of convergence obtained,
the amount of proportional stress release is determined. After
applying the determined stress release, the support system
which is simulated using a structural element (a combination
of beam, concrete, and mesh) is installed. Afterward, the
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residual stress is released and finally, the whole model is Also, the loads entering the equivalent cross-section and
mechanically analyzed and the results of the analysis are  the redistribution of the load on each cross-section are shown
examined for the support system in the form of axial force-  schematically in Figures 6 and 7.

bending moment and axial force-shear force diagrams [24],
[25]. The obtained GRC curve for the roof, floor, and wall of
the stope along with its longitudinal displacement profile
curve is shown in Figure 3.

1.0 6

%) 5
>
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g 04 Floor 18 Figure 6. Loads entering the combined equivalent cross-section
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Figure 3. Ground response curve with longitudinal displacement
profile of batching room

3.2. Equivalent cross-section of the composite
support system

In tunnels where the design of the support system is a
combination of steel frames and shotcrete, it is necessary to
design the components of the consolidation, the role and
share of each of these support systems to be calculated sepa-
rately. One of the methods to simulate the combined frame
support system incorporating steel frame with shotcrete is the
equivalent cross-sectional method, i.e., to simulate the sup-
port system, which consists of two different types of materi-
als (steel frame and concrete) and with different cross-
sections, employing the relevant relations, an equivalent
cross-section is considered and finally after calculating the
loads subjected to the equivalent cross-section, the share of
each steel frame and shotcrete support in the loads entering
the support system is recalculated separately. In Figures 4
and 5 the cross-sections of each of the two different types of
materials (steel frame and shotcrete) for the composite sup-
port system and its equivalent cross-section are shown.

- Each element °1" has stiffness coefficients D| and K
- Each element 2" has stiffness coefficients D, and K,
n: number of full elements along the distance b
! neutral axis !
' © /

|
i
|

Figure 7. Redistribution of loads over each of the cross-sections:
(a) bending moment (M); (b) axial force (N); (c) shear
force (Q)

| s=b/n

: The thickness (teg) and Young’s modulus (Eeq) of the equiv-
Figure 4. Combination of two support systems with different

alent cross-section are calculated using the following equations:
cross-sections (steel frame and shotcrete)

teg = /12m : 1)
' | Dl + D2

| —@— @ |5 I E, n(Dy+D,) @

a bteg

' ' where:
i = i ki, ko, D1 and D, values according to Young’s modulus
(Eeq), Poisson’s coefficient (), cross-sectional area (A), and

Figure 5. Equivalent cross-section of the composite support system
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moment of inertia (1) of each of the cross-sections are ob-
tained from the following relations.

El

k=1 92; (3)
EA

D:1 7 4

The corresponding parameters in Figures 4 to 7 are quite
clear. The loads on each of cross-sections 1 and 2 are calcu-
lated using the following equations.

Related to the bending moment (M):

Mkq

My =————; 5

! n(k1+k2) ( )
Mk,

My=——2°—. 6
2 n(k1+k2) ( )
Related to the shear force (Q):

Qkg
=<1 . 7
% n(ky +k )
(ki +kz)
Qkj
= 8

Q2 n(k +ky) ®)

Related to the axial force (N):
n(D1+D2) nR (D1+D2)'(k1+k2)
N, ND, M D,k; — D1k, (10)

“n(Dy+Dy) MR (Dy+Dy)-(k+kp)

The final stability of each component of the composite
support system is obtained via assuming that the beam ele-
ment for each of the structural support elements due to the
relation between axial force and the following bending mo-
ment and based on the maximum stress created in the sup-
porting component:

(11)

where:

P — the axial force;

M — the bending moment created in each element (or their
maximum value);

A — the cross-section;

S — the cross-section of the element (beam).

According to the presented materials, cross-section No. 1
is related to the steel frame and cross-section No. 2 is related
to shotcrete. The characteristics of each cross-section (for
example, for IPE160 frame, shotcrete, and 6 mm mesh) are
given in Table 2.

3.3. Simulation assumptions and model geometry

The distance between the excavations and the boundaries
of the model is more than 5 times the width of the excava-
tions to eliminate the boundary effects of the model. The 2D
model has 6-node triangular elements, which to study the
stresses and displacements in more detail, the elements
around the stope are considered to be smaller than other parts
of the model. Horizontal displacement along the vertical
boundaries and vertical and horizontal displacement along
the lower horizontal boundary is prevented.
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Table 2. Characteristics of utilized steel frame (IPE 160), mesh
and shotcrete

Mesh

Steel frame

(IPE 160)  network Shotcrete Parameter
200 200 25000 Young’s modulus (GPa)
2.01e-3 2.83e-5 - Surface area (m?)
0.16 0.006 0.10 Thickness (m)
0.25 0.25 0.2 Poisson’s coefficient
6.2e-6  6.632e-11 - Moment of inertia (m*)
400 400 25 Compressive strength (MPa)
400 400 2.5 Tensile strength (MPa)

The upper boundary is also modeled according to the
overburden depth and its horizontal and vertical displace-
ments are considered to be completely free. Vertical and
horizontal stresses according to the depth of the stope, the
density of the rock mass, and the ratio of horizontal to verti-
cal stress according to ¢ = 0.3 from Equation 12, K=0.42 is
considered, which is applied to the upper and lateral bounda-
ries of the model. The behavior of the surrounding rock mass
is assumed to be elastoplastic and the Mohr-Coulomb behav-
ior model is used for the simulation.

9 0.3
—_— % [
1-9 1-03

The lowest floor level of the open-pit mine is currently
2830 meters and the lowest floor level of the stope is
2719 meters. Therefore, the vertical in situ stress is 2.6 MPa
and the horizontal in situ stress is 1.1 MPa, which is consid-
ered by linear distribution with a slope equal to the specific
gravity of the mass at height. In numerical models, the ratio of
horizontal to vertical stress is 0.42. One-meter steps have been
considered for excavation in the rock mass. i.e., the stress
release related to the non-supported space is considered to be
one meter in each progression step. The cross-section of all
stopes and preparatory spaces is considered per reality.

K= =042 (12)

3.4. Stability analysis based on the concept
of critical strain

Sakurai in 1983 suggested that the stability of tunnels
could be assessed based on continuous strain in the surround-
ing rock mass. This strain is defined as the ratio of the tunnel
convergence to its diameter. If the uniaxial compressive
strength of the rock mass and its elastic modulus are assumed
to be oc and E, respectively. Based on the stress-strain elastic
relations, the critical strain (ec) can be calculated by the fol-
lowing equation:

O
Eor = EC .

Sakurai based his experiments on various tunnels and

proposed Equations 16-14 to calculate the critical strain:

(13)

log ., =—0.251log E—0.85 —risk alert level 1; (14)
log &, =—0.251log E—1.22 —risk alert level 2; (15)
log &, =—0.251log E—1.59 —risk alert level 3. (16)

In these relations, ¢ is the critical strain per percentage (dis-
placement ratio to tunnel radius) and E is the elastic modulus per
kg/cm?. In risk alert level 1, the tunnel has an instability prob-
lem. Strain resulting from risk alert level 2 has been proposed as
the basis for tunnel support design and risk alert level 3 indi-
cates short-term stability. Via allowable strain and using Equa-
tion 17, the allowable displacement is determined [26], [27]:
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4. Modeling and analysis of batching room stability

According to the available geological information, the
rock surrounding the batching is limestone with high geome-
chanical characteristics, the characteristics of which are giv-
en in Table 1, but due to the layering and joints that exist in
this area, some local instabilities of batching have been ob-
served. To investigate this situation, two sets of joints are
considered in the worst possible case to predict the worst
possible conditions (Table 3). Due to the effects of open-pit
mine related explosions and the low vertical and horizontal
distance between the final pit of the open-pit mine and batch-
ing room, it is necessary to design a proper support system so
that it can be stable against the waves caused by explosions.
For correct modeling of blasting effects, a seismic load coef-
ficient of 0.2 has been considered. Figure 8 shows the model
geometry, zoning, rock mass classification, and batching
joint. It should be noted that the direction of batching drilling
in modeling is in stages and each stage a part of batching is
excavated and there has been an effort to make modeling to
be very consistent with reality.

Table 3. Characteristics of joints present in batching design

Layering Joint Parameter
20000 20000 Normal strength (MPa)
7500 7500 Shear strength (MPa)
15 2 Cohesive strength (MPa)
25 30 Internal friction angle (Degree)
2.5 2.5 Tensile strength (MPa)
< AN £
H e N < \ < N
s \\ 5 \ 5 \
EVA VAN,
X LY AN u
SRy
e 2
g s = X
< :\\ \\\ &
g RS RECER ANV W ¢
\\ \ LY \§ 5
5 N Dolomite
H = \\ \\ \\ \\ \\ \\ i
S SIaa SvEMwEA EAEEYA IS VAKERIA VAT, S
D TN ANENAN EVAT. AN SN

Figure 8. Model geometry, zoning, rock mass classification, and
batching joint at the end of tunnel No. 2

To investigate the displacements and determine the ap-
propriate support system, first, the batching was excavated
and modeled without using the support system, and the dis-
placements and the surrounding plastic zone were measured.
The results of these models are given in Figures 9-11, respec-
tively. The contours and displacement vectors around the
stope are shown in Figure 9, as well as the maximum plastic
area created around the excavated stope in Figure 10. As it is
known, the maximum displacement around the batching
room is in the sidewall and about 9.5 cm. To investigate the
effect of the support system on the batching stability, two
types of support systems were considered. Bolt and shotcrete
support system is the first type of selective support system in
which bolts (according to the specifications of Table 4) with
a length of 4 meters and a diameter of 25 mm with shotcrete
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and mesh with a thickness of 15 cm were selected, and the
second support system is shotcrete and a steel frame incorpo-
rating IPE140 beam with a one-meter distancing.

Table 4. Characteristics of rock bolts utilized in batching design

Amount Parameter
Diameter (mm) 25
Young’s modulus (MPa) 200000
Injection length Total length of cavity
Ultimate tensile strength (MN) 0.1

Figure 9. Batching displacement contours regardless of the sup-
port system

Figure 10. Plastic zone around the batching regardless of the
support system

e-001
e+000
e-001
e-001
e-001
e+000
e+000
e+000
e+000
e+000
e+000
e+000

+000
e+000
e+000
e+000
e+000
e+000
e+000
750e+000

Figure 11. Vertical stress contours around batching regardless of
the support system

The results of modeling these two support systems are
shown in Figures 12-17. The amount of displacement, the
plastic area around the tunnel after the installation of the shot-
crete and mesh support system are shown in Figures 12 and
13, respectively. It is observed that after the installation of the
support system, the amount of displacements reaches about
half of the initial value and the maximum displacements are
about 2.5 cm, which takes place in the right wall and stope toe.

To evaluate the efficiency and safety of the mentioned
support system, two diagrams of the axial force-bending
moment and axial force-shear force which are known as load
capacity diagrams are utilized.
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Total
Displacement
m

0.00e+000
4.00e-003
2.00e-003
1.20e-002
1.60e-002
2.00e-002
2.40e-002
2.80e-002
3.20e-002
3.60e-002
4.00e-002
4.40e-002
4.80e-002
5.20e-002
5.60e-002
6.00e-002
6.40e-002
6.20e-002
7.20e-002
7.60e-002
2.00e-002

P

Figure 12. Batching contours with shotcrete and rock bolt support
system

Figure 13. Plastic zone around batching with rock bolt and shot-
crete support system
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Figure 14. Diagrams of: (a) axial force-shear force of the steel
frame; (b) axial force-bending moment of shotcrete
batching
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These two diagrams are widely used in the design of
concrete, engineering structures as well as tunnel support
systems. Figure 14 shows the diagrams of the axial force-
bending moment and axial force-shear force according to
the parameters mentioned for the shotcrete and mesh sup-
port system and the loads applied to them in confidence
levels of 1 and 1.5. The number of displacements, the plas-
tic area around the tunnel after installation of the steel
frame, and the shotcrete support system are shown in
Figures 15 and 16, respectively.
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Figure 15. Batching displacement contours with steel frame and
shotcrete support system

Figure 16. Plastic zone around the batching with steel frame and
shotcrete support system

It can be inferred that after the installation of the support
system, the amount of displacements has decreased and the
maximum displacements are about 6.4 cm, which occurs in
the right wall and stope toe. Figure 17 shows diagrams of the
axial force-bending moment and axial force-shear force for
the steel frame and shotcrete support system and the loads
applied to them in confidence levels of 1 and 1.5.
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Figure 17. Diagrams of: (a) axial force-shear force; (b) axial
force-bending moment of batching steel frame
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In these diagrams, the value of safety factors represents
the range that, if the points drawn for the internal forces are
in this range, indicates the stability of the support system.
According to the diagrams shown, it can be seen that all
points related to both composite support systems are within
the range of 1.5 safety factors, which indicates the suitability
of the support system. As can be seen from the results, there
is not much difference in the results between the shotcrete
and bolt and the steel frame support systems, and both sup-
port systems control the displacement range and the plastic
zone around the batching and place it in the safety range.
Therefore, the best support system for batching should be
selected according to the priority and considering the tech-
nical and economic conditions. Thus, according to the exist-
ing conditions, the shotcrete and bolt were considered as the
preferred support system.

5. Stability analysis of batching room

In this paper, to investigate the stability of the under-
ground space, the displacement values obtained from the
numerical modeling are compared with the critical displace-
ment values obtained from Sakurai relations and criteria.
According to the modeling performed and the results ob-
tained from the Sakurai criterion presented in Table 5, it was
found that batching drilling without a support system causes
its instability and therefore, the utilization of a support sys-
tem is warranted.

Table 5. Results of Sakurai relations for the batching workshop at
the end of tunnel No. 2

Failure strain

Failure strain without Sakurai
with support support criterion’s Support Excavated
(numerical (nurﬂZrical allowable type model
model) model) strain
- 0.015 0.011  Without support
0006 0015 o011 ook boltand
Batching shotcrete
IPE140 steel
0.006 0.015 0.011 frame with a one-

meter distancing

In this research, two different support systems were used
to stabilize the excavation space. A comparison between the
two selected support systems based on the Sakurai criterion
and a comparison of the displacements that occurred around
the stopes with the number of critical strains and allowable
strains created in the stope shows that there is not much dif-
ference between these two support systems and in both cases,
the batching stability can be ensured. Thus, according to the
stope conditions and available facilities, rock bolt and shot-
crete have been selected as the optimal support system.

6. Conclusions

In this research, finite element modeling has been utilized
to analyze the stability and design of the support system of
Angouran mine batching room. The results of the analysis
show that the excavation of the Batching room without a
support system causes its instability and failure, though it is
imperative to design a suitable support system according to
the geomechanical and stress conditions of the area. The
effect of the support system on the stability of the batching
room was evaluated by selecting two types of composite
support systems of bolt and shotcrete and steel frame with a
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one-meter distancing and shotcrete based on Sakurai crite-
rion. A comparison between the two selected support sys-
tems showed that there was not much difference between the
two in terms of performance. Therefore, according to the
facilities available in the plant, rock bolt and shotcrete were
selected as the final support system. These results are suita-
ble for the analysis of stability and batching design by con-
sidering the assumptions about the seismic load coefficient
of the blast wave. Due to the proximity of the batching room
to the open-pit mine and the direct impact of open-pit mine-
related blast waves on its stability due to its high importance
and its applicability throughout the life of the mine, to study
as closely as possible in this section, it is recommended to
install accelerometers, record and study the waves caused by
open-pit mine explosions. With comprehensive dynamic
modeling and the application of surveying results, more
accurate and transparent results of the impact of open-pit
mining activities can be achieved.
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AHani3 cTiliKkocTi Ta NPOEKTYBaHHS KPiMWJILHOI CCTeMHU KaMepH
J103y1040T0 NPUCTPOIO MiI3eMHOI0 PyAHUKA AHTYpPaH

C. Yeperani, X.A. Cona, X. Yakepi

Mera. Po3poOka uncenbHOT MOAEINI A TOCTIHKEHHS CTIMKOCTI KaMepH 103YI0Y0T0 MPHUCTPOIO MiA3EMHOT0 Py IHIKAa AHTYpaH, s SKOi
OyJ10 BU3HAYEHO, CIIPOCKTOBAHO Ta 31CTaBICHO BiAMOBIAHI CHCTEMH KPIIUIEHHS, IO JO3BOJIMIO BUOPATH ONTUMAIBHUIN BapiaHT.

MeTtoanka. AHaii3 CTIHKOCTI IPOBOUBCS 3a KPUTEPIEM KPUTHUYHOI AedopManii 3CyBy i3 BUKOPHUCTAHHSM METOJy CKIHYEHHUX eJIeMEH-
TiB (MCE). BiiMB kpinuiIbHOT CHCTEMH Ha CTIHKICTh KaMepH J03YI0UOro IPUCTPOIO JOCIIHKEHO VIS IBOX THITIB KOMIIO3UTHUX KPIMMIBHHUX
cucTeM: 1) aHKepHe KpilUIeHHs1 Ta HaOpH3K-O0eToH; 2) crajeBa paMa 3 KPOKOM B OAMH MeTp Ta HaOpu3r-O0eToH. Po3paxyHku 3acHOBaHI Ha
MOPIBHSHHI 3MillleHh HABKOJIO BUOOTB 13 BEIMYMHO KPUTUYHUX Ta JOMYCTUMHX IedopMariii 3a kputepiem Cakypai.

PesyabTaTtu. BecranosneHo, mo BuoOyBHI pOOOTH B KaMepi J03yI0Y0To MPUCTPOI0 0e3 KPIIUICHHS MPU3BOIATH 10 ii HEeCTiHKOCTI Ta 00-
BaJICHHS, TOMY HEOOXIJTHO CIPOEKTYBaTH BiAIMOBIITHY KPIMIIBHY CUCTEMY 3 ypaxXyBaHHIM T'€OMEXaHIYHUX YMOB Ta IUIACTOBUX HANPY KEHb.
IopiBHAHHS ABOX BUOpAaHUX CHCTEM KPIIUICHHS TaKOX MOKa3ye, 0 MK HUIMH HEMae BEJMKO1 Pi3HHUII 1 B 000X BHITAAKaX Moke OyTH 3a0e3-
TeYeHa CTIHKICTh KaMepH JI03YI0Y0TO MIPUCTPOIO.

HaykoBa HoBH3Ha. BuBueHO mMpoKuii Iiarma3oH mapaMeTpiB KPIlJIEHHs Ta BCTAaHOBIICHO, 10 AedopMallis pyiHHyBaHHS MPU MPaBHIIb-
HOMY MIiAXO/i € TIEPCIEeKTHBHIM (aKTOPOM, KUl 3HAYHO EKOHOMHUTB 4ac 6e3 BTpaTh TOYHOCTI.

IMpakTuna 3HaunMicThb. YNCIEHHI METOAM MOXYTh 3aCTOCOBYBATHCS JJIs aHaNi3y BHUPOOOK 3 HEKPYIJIUM IIONEPEYHHMM IepepizoMm,
BPaxOBYIOUH I'€TePOMETPHYHI YMOBH HABKOJIO BUPOOKH, YacTO HEOIHOPIJIHI HANPYXKEHHs IUIACTa, MOBEIIHKY TipCHKOI0 MacHBY Ta BILIMB
MPOXOJKK BUPOOKH. Bubip BiAMOBIAHUX KpHUTEPiiB pyHHYBaHHS TipCHKUX MOPiJ JO3BOJISIE 32 JIOTIOMOTOIO YHCEIEHOTO MOJIETIIOBAHHS BH3HA-
YUTH cIabKi MicIsl HABKOJIO BUPOOOK i CIIPOEKTYBATH BIATIOBIIHY CHCTEMY KPIIUICHHS.

Knrwuoei cnoea: Anzypancokuil c8UHYe80-YUHKOGUL NIO3eMHUL PYOHUK, YUCelbHe MOOEN08AHHA, MemoO CKIHUeHHUX eleMeHmis,
xkpumepii Caxypai
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